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Abstract 
In this study the influence of implantation damage on emitter recombination is examined for both boron and phosphorus 
implanted emitters after thermal processing.  Dominant defects are identified and used to describe observed changes in emitter 
saturation current, J0, as a function of implant fluence.  Recombination through defects is identified as the cause of increased J0 
compared with simulated values. 
For P-implanted samples J0n+ is shown to depend on annealing temperature for samples partially amorphised by a 1×1015 cm-2 P 
implantation at 40 keV.  J0n+ of samples completely amorphised by a 3×1015 cm-2 phosphorus implant show much reduced 
dependence on annealing temperature.  For boron implanted samples annealed at 1000°C, J0p+ was found to be below 25 fA.cm-2 
for implant fluence less than 5×1014 cm-2 but to increase significantly for high fluence, where defects such as boron-interstitial 
clusters and dislocation loops are likely to dominate the observed recombination. 
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1. Introduction 
Ion implantation is a method for forming the heavily doped regions of a solar cell.  It is a directional, single-sided 
process that may be easily masked to create patterned doping.  These advantages have been leveraged to simplify 
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the fabrication of advanced cell structures such as interdigitated back contact cells [1].  It has been estimated that the 
total number of fabrication steps for an industrially feasible process for an IBC could be reduced from 21 to 10 using 
ion implantation [2].  However, the effective removal of implantation damage is critical to proving the suitability of 
ion implantation for high efficiency solar cells. 
1.1. Damage accumulation and defect evolution 
Ion implantation creates defects within the implanted region due to collisions between the energetic ions and 
atoms in the crystal lattice of the target wafer.  The result is primary implant damage: silicon atoms knocked from 
their lattice positions create silicon interstitial and vacancy defects.  At high implant fluence the concentration of 
primary damage may exceed the amorphous threshold, completely destroying the crystalline structure of the target 
wafer.  This can produce a completely amorphous layer with an underlying damaged layer resulting from the ‘tail’ 
of the implant distribution where the damage is insufficient to induce amorphisation.  Regions not sufficiently 
damaged to become entirely amorphous retain their long range crystalline structure, despite local disorder in the 
crystal. 
Following implantation, a high temperature anneal is required to repair implant damage and electrically activate 
the implanted dopant atoms.  However, depending on the implant and anneal conditions, implantation defects may 
remain even after high temperature processing.  Recombination at these residual defects has previously been 
identified as a cause of high J0p+ [3].  Additionally, deeply penetrating defects have been found to cause low bulk 
lifetime to a depth of up to 100 μm into the bulk of the wafer after annealing at 1000°C [4].  It was theorised that 
this degradation in bulk lifetime was due to the injection of silicon interstitials generated during implantation into 
the wafer during annealing. 
Annealing of pre-amorphisation damage begins with recombination of vacancy and interstitial defects, 
annihilating both point defects.  However, an excess of highly mobile interstitial silicon atoms remain after all 
vacancy defects have been repaired.  These silicon interstitials may diffuse to the surface where they recombine, 
diffuse into the bulk or cluster in intermediate defect complexes (IDCs).  IDCs, such as {311} stacking faults, may 
dissolve above 700°C, ejecting silicon interstitials into the bulk material or evolve into more stable dislocation 
loops.  At 900°C, faulted dislocation loops unfault, leaving perfect dislocation loops that can remain stable up to 
1100°C [5].   
Regions completely amorphised by implant damage can re-crystallise during high temperature processing 
through the process of solid phase epitaxial regrowth (SPER) [7].  SPER involves re-ordering of atoms at the 
amorphous-crystalline interface to match the structure of the underlying crystal, effectively extending the crystalline 
structure into the amorphous layer.  As the amorphous region recrystallises, dopant atoms can be incorporated into 
substitutional lattice sites and become electrically activated. 
Boron implantation is additionally complicated by the formation of boron-interstitial clusters (BICs) comprised 
of electrically inactive boron and silicon interstitial atoms [6].  BICs are immobile defects that form at the peak of 
the implant profile. 
In this study observed trends in emitter recombination current, J0, are correlated to types of implantation defects 
expected to remain after high temperature annealing for a range of boron and phosphorus implants.  The measured J0 
data are compared to simulated data assuming high lifetime in the emitter regions.  The increased Shockley-Read-
Hall recombination due to implantation defects is quantified using the same device simulation. 
2. Experimental details 
100 Ω.cm, FZ silicon wafers were damage etched and received an HF dip before double-sided implantation.  
Implantation was performed in a solid source, negative ion implanter at room temperature with samples at an angle 
of 7° from normal.  All annealing steps were performed in a quartz oxidation furnace.   
Boron was implanted in the form of the 11B2 molecule with a single negative charge at 40 keV; equivalent to a 
random angle implant of 11B at 20 keV.  This was done in order to maximise beam current while utilising lower 
implant energy.  Samples were implanted with dose ranging from 3×1014 cm-2 to 3×1015 cm-2.  Boron implanted 
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samples were annealed at 1000°C for 70 minutes in a nitrogen ambient.  Samples were then passivated with Al2O3 
deposited by plasma-assisted atomic layer deposition. 
For phosphorus implanted samples, 31P was implanted at 40 keV over a range of implant fluence from 1×1015 cm-
2 to 3×1015 cm-2.  Samples were annealed for 30 minutes in O2 followed by 30 minutes in N2 at temperature ranging 
from 900°C to 1050°C and received a forming gas anneal at 400°C for 30 minutes. 
Emitter recombination was characterised using the method of Kane and Swanson to extract J0 at a carrier 
injection level of 5×1015 cm-3 [8].  Doping profiles were measured using the electrochemical capacitance voltage 
technique. 
Simulation of emitter recombination was performed using the online emitter modelling tool EDNA 2 [9].  
Simulations were performed using models for intrinsic bandgap [10], bandgap narrowing [11], density of states 
(Sentaurus Formula 2) [12] and mobility [13].  Recombination was simulated using models for Auger recombination 
[14] and radiative recombination [15] while values for effective surface recombination velocity were taken from a 
parameterisation for SiO2 passivated phosphorus doped surfaces [16] and Al2O3 passivated boron doped surface 
[17].  Values for J0 quoted were simulated at junction voltage of 0.55 V. 
3. Results and discussion 
3.1. Boron implantation 
The pre-amorphisation regime has been investigated using boron implantation over a range of implant fluence 
from 3×1014 cm-2 to 3×1015 cm-2.  For all implants over this range no amorphisation occurs however the 
concentration of primary implant damage scales with implantation dose.  Dopant profiles measured after annealing 
for a selection of implant fluences are shown in Figure 1, where the annotations refer to the measured J0p+ for each 
sample. 
Fig. 1. Active dopant profile measured by ECV for B implanted samples annealed for 70 minutes at 1000°C.  These doping profiles were used as 
inputs for the simulation of J0p+.  The annotation are for measured J0p+ for each profile with Al2O3 passivation. 
Figure 2 presents the data for measured J0p+ as a function of sheet resistance.  Also presented in Figure 2 are 
simulated data points for J0p+ using the measured profiles for active dopant concentration as in Figure 1 and a 
parameterisation for surface passivation.  Simulations were performed using the device simulation tool EDNA 2, 
with models described in Section 2.  The simulations used measured dopant profiles as an input to account for the 
contribution of Auger and radiation recombination towards the measured J0p+.  Shockley-Read-Hall recombination 
at the surface was accounted for using a parameterisation of surface recombination velocity for surface dopant 
concentration.  A high S-R-H lifetime in the emitter bulk, τn0, of 1 ms was used so that the simulated values 
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represent an value of J0p+ for an optimised anneal, with negligible contribution from any defects remaining after 
annealing. 
 
 
Fig. 2. Measured J0p+ as a function of sheet resistance for B implanted samples annealed for 70 minutes at 1000°C and passivated with Al2O3.  
Simulated J0p+ is shown in blue.  The difference between measured and simulated J0p+ is attributed to recombination at implantation defects. 
In Figure 2, it is seen that samples with sheet resistance higher than 180 Ω/ƶ have very low values of J0p+; less 
than 25 fA.cm-2 and as low as 10 fA.cm-2 for sheet resistivity close to 300 Ω/ƶ.  This corresponds to a range of 
implant fluence from 3×1014 cm-2 to 5×1014 cm-2.  Over this range the simulated J0p+ is less than 8.5 fA.cm-2 for each 
data point. 
A sharp increase in J0p+ is observed between 100 Ω/ƶ to 200 Ω/ƶ, where implant fluence exceeds 5×1014 cm-2.  
For samples close to 100 Ω/ƶ, corresponding to an implant dose of 1×1015 cm-2, the measured J0p+ is 15 times 
higher than the simulated value.  For sheet resistance less than 100 Ω/ƶ there may be a saturation of J0p+.  While the 
data in Figure 1 is insufficient to provide conclusive evidence of this, it has been previously observed for B implants 
ranging from dose 3×1015 cm-2 to 1×1016 cm-2 annealed at 1050°C [3]. 
Minor differences observed between measured and simulated J0p+, particularly for samples above 200 Ω/ƶ may 
be attributed to differences between the quality of the surface passivation provided by the deposited films compared 
with the parameterisation.  However, the significant increase in emitter recombination that occurs between 100 Ω/ƶ 
to 200 Ω/ƶ is not explained by slight variations in passivation quality.  Instead, this is likely caused by an increase 
in Shockley-Read-Hall recombination due to secondary implant defects that remain after annealing, most likely 
boron-interstitial clusters or dislocation loops [3]. 
The formation of both BICs and dislocation loops is driven by the supersaturation of silicon interstitials after 
implantation.  For implantation in the pre-amorphisation damage regime, increasing the implant fluence will 
increase the concentration of silicon interstitials and result in a higher density of BICs and dislocation loops [5, 18]. 
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The impact of residual implantation damage on J0p+ after annealing was investigated by calculating the amount of 
Shockley-Read-Hall recombination, USRH, in the emitter region of the experimental samples.  This was again 
conducted using EDNA2.  For these simulations, the minority carrier lifetime in the emitter bulk, τn0, was varied 
until the simulated J0p+ matched experimental values to within 1 fA.cm-2.  The S-R-H recombination rate was then 
integrated to determine the total USRH in the experimental samples, an analysis which is independent of the damage 
distribution in the samples.  The calculated USRH for each experimental point is displayed as a function of sheet 
resistance in Figure 3. 
Fig. 3. Shockley-Read-Hall recombination in the emitter required for simulated J0p+ to match measured data.  The lines are to guide the eye only. 
Figure 3 shows that the S-R-H recombination is close to 2 orders of magnitude higher at 100 Ω/ƶ compared with 
200 Ω/ƶ.  Samples with sheet resistance above 180 Ω/ƶ, USRH ranges from 2×1013 cm-2.s-1 to 6×1013 cm-2.s-1.   
The simulations to determine the amount of S-R-H recombination in the emitter assume uniform τn0 throughout 
the emitter region.  While these simulations determine the total amount of S-R-H recombination in the emitter, it 
should be noted that this distribution of the simulated S-R-H recombination does not reflect the physical reality.  
This is because the S-R-H recombination in the depletion region dominates for emitters simulated with uniformly 
poor τn0. 
However, the damage profile in an implanted regions is unlikely to be uniform.  Defects such as dislocation loops 
and boron-interstitial clusters are known to form at or close to the peak of the implantation profile [5].  Additionally, 
previous studies also demonstrate low minority carrier lifetime extending up to 100μm into the bulk of the wafer [4].  
In order to avoid making assumptions about the damage profile USRH has been used as a measure of the influence of 
implant damage rather than the τn0 used in simulations. 
3.2. Phosphorus implantation 
Phosphorus implantation was used to investigate implant conditions where the wafer is partially and completely 
amorphised by implantation damage.  Phosphorus was implanted at 40 keV over a range of implant fluence from 
1×1015 cm-2, where the surface is partially amorphised, to 3×1015 cm-2, where the surface layer is completely 
amorphised.  Samples were subsequently annealed at temperature of 900°C, 950°C, 1000°C or 1050°C for 30 
minutes in O2 followed by 30 minutes in N2.  The results of J0n+ for the oxide passivated samples after forming gas 
anneal are shown in Figure 4.  
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Fig. 4. J0n+ for P implanted, oxide passivated samples annealed for 30 minutes in O2 and 30 minutes in N2 after FGA. 
For each data set, the highest sheet resistance corresponds to an implant fluence of 1×1015 cm-2.  These samples 
show a trend of decreasing J0n+ as annealing temperature increases, 719 fA.cm-2 for 900°C compared with 61 fA.cm-
2 at 1050°C.  For comparison, samples with the lowest sheet resistance were implanted at a fluence of 3×1015 cm-2 
and show much reduced dependence on annealing temperature. 
The trend in J0n+ for samples annealed at 900°C was further investigated by stripping the thermal oxide grown 
during annealing and re-passivating the surfaces with SixNy deposited via PECVD.  The results are shown in Figure 
5. 
Fig. 5. Measured J0n+ for P implanted samples annealed at 900°C for 30 minutes in O2 and 30 minutes in N2 with thermal oxide or PECVD silicon 
nitride passivation. 
As observed in Figure 5, no significant change in J0n+ was observed after re-passivating the samples with PECVD 
SixNy.  This confirms that the high recombination for sample implanted with 1×1015 cm-2 P and annealed at 900°C is 
not caused by poor surface passivation.  Instead, the high recombination current is likely caused by the presence of 
dislocations that form when a ‘buried’ amorphous layer undergoes SPER from two the amorphous-crystalline 
interfaces in the sample, at the partially amorphised surface and at the end of the implant range.  When the two 
advancing crystal faces meet a band of dislocations form, categorised as type IV defects [5].  The influence of these 
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defects are observed for samples annealed at both 900°C and 950°C, which implies that a temperature of at least 
1000°C is required to avoid increased J0n+.  For comparison, 900°C is found to anneal the implants of 3×1015 cm-2 P 
as effectively as 1050°C.  The absence of a strong temperature dependence for this implant fluence indicates that the 
damage removal by SPER is more effective for the completely amorphised samples. 
In Figure 5, the difference between simulated and measured values for J0n+ is not entirely attributed to implant 
damage.  This is because the lower limit provided by a simulated J0n+ may be affected by variations between the 
quality of surface passivation provided by oxidation at 900°C compared with the values used for in the 
parameterisation. The simulated values were obtained using the same simulation procedure described in Section 3.1, 
using the measured doping profiles in Figure 6. 
Fig. 6. Measured doping profiles for P implants ranging from 1×1015 cm-2 to 3×1015 cm-2 and annealed at 900°C for 30 minutes in O2 and 30 
minutes in N2.  These doping profiles were used as inputs for the simulation of J0n+. 
4. Conclusions 
In this study it has been found that residual damage after thermal annealing may cause high recombination in ion 
implanted emitters.  For boron implanted emitters annealed at 1000°C the measured J0p+ was below 25 fA.cm-2 for 
implant fluence less than 5×1014 cm-2.  For implant fluence greater than 5×1014 cm-2 the presence of defects such as 
boron-interstitial clusters or dislocation loops may cause Shockley-Read-Hall recombination to dominate the 
measured J0p+.  For phosphorus implantation at 40keV, implant fluence of 3×1015 cm-2 was found to be annealed as 
effectively at 900°C as at 1050°C.  Phosphorus implant fluence of 1×1015 cm-2 was found to require annealing at 
temperature of at least 1000°C for effective damage removal. 
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